The p33 auxiliary replicase protein of Cucumber necrosis virus targets peroxisomes and infection induces de novo peroxisome formation from the endoplasmic reticulum  by Rochon, D'Ann et al.
The p33 auxiliary replicase protein of Cucumber necrosis virus targets
peroxisomes and infection induces de novo peroxisome formation from
the endoplasmic reticulum
D0Ann Rochon a,b,n, Bhavana Singh b, Ron Reade a, Jane Theilmann a, Kankana Ghoshal b,
Syed Benazir Alamb, Ajay Maghodia a,b
a Agriculture and Agri-Food Canada Paciﬁc Agri-Food Research Centre, 4200 Hwy 97, Summerland, BC, Canada V0H 1Z0
b University of British Columbia Faculty of Land and Food Systems Vancouver, BC, Canada V6T 1Z4
a r t i c l e i n f o
Available online 31 January 2014
Keywords:
Tombusvirus
RNA virus
Peroxisomes
Spherules
De novo peroxisome formation
Necrosis
Endoplasmic reticulum
a b s t r a c t
Tombusviruses replicate on pre-existing organelles such as peroxisomes or mitochondria, the mem-
branes of which become extensively reorganized into multivesicular bodies (MVBs) during the infection
process. Cucumber necrosis virus (CNV) has previously been shown to replicate in association with
peroxisomes in yeast. We show that CNV induces MVBs from peroxisomes in infected plants and that
GFP-tagged p33 auxiliary replicase protein colocalizes with YFPSKL, a peroxisomal marker. Most
remarkably, the ER of CNV infected Nicotiana benthamiana 16C plants undergoes a dramatic reorganiza-
tion producing numerous new peroxisome-like structures that associate with CNV p33, thus likely
serving as a new site for viral RNA replication. We also show that plants agroinﬁltrated with p33 develop
CNV-like necrotic symptoms which are associated with increased levels of peroxide. Since peroxisomes
are a site for peroxide catabolism, and peroxide is known to induce plant defense responses, we suggest
that dysfunctional peroxisomes contribute to CNV induced necrosis.
& 2014 Published by Elsevier Inc.
Introduction
Cucumber necrosis virus (CNV) is a member of the Tombusvirus
genus in the Family Tombusviridae. The plus-strand, positive-sense
RNAgenomeofCNVcontainsﬁveopen reading frames (ORFs) (Fig.1)
(Rochon and Tremaine, 1989). ORF1 encodes a 33 kDa auxiliary
replicase protein (p33) and the readthrough of this ORF produces a
92 kDa protein containing RNA dependent RNA polymerase motifs.
ORF3 encodes the 41 kDa coat protein which assembles with viral
RNA to formvirionswith T¼3 icosahedral symmetry (Katpally et al.,
2007; Li et al., 2013). p21 is the viral cell-to-cell movement protein
(Rochonand Johnston,1991)andp20 isa suppressorofRNAsilencing
(Angel et al., 2011; Hao et al., 2011). p33 and p92 are translated
directly from genomic RNA while p41, p21 and p20 are translated
from two subgenomic RNAs generated during infection (Johnston
and Rochon, 1990, 1995, 1996; Rochon and Johnston,1991; Sit et al.,
1995). As with the p33 proteins of other tombusviruses, CNV p33, or
its homolog in Tomato bushy stunt virus (TBSV), is an integral
membrane protein that is central to the formation of the viral
replicase complex. It contains an RNA binding site for speciﬁc
recruitment of viral RNA into the replication complex, speciﬁc
domains that promote p33/p33 and p33/p92 interactions and a
transmembrane domain for targeting peroxisomes in yeast. P33
interacts with numerous host proteins involved in the assembly,
ﬁdelity and regulation of the replicase complex (Nagy, 2011; Nagy
etal.,2012;NagyandPogany,2010,2012;Panavasetal.,2005;Pogany
et al., 2005; Rajendran and Nagy, 2003; Serva and Nagy, 2006).
Tombusviruses are known to induce distinctive multivesicular
bodies (MVBs) during infection (Martelli et al., 1988). These can
derive from peroxisomes as in TBSV and Cymbidium ringspot virus
(CymRSV) (Jonczyk et al., 2007; McCartney et al., 2005; Navarro
et al., 2004; Panavas et al., 2005; Pathak et al., 2008), or from
mitochondria as in Carnation Italian ringspot virus (CIRV) (Hwang
et al., 2008; Weber-Lotﬁ et al., 2002). However, the origin of the
MVBs can depend on the host (Martelli et al., 1988). MVBs derived
from peroxisomes undergo a progressive vesiculation of the
boundary membrane and contain numerous spherules that are
approximately 80–150 nm in diameter which serve as the site of
viral RNA replication (Appiano et al., 1983; Martelli et al., 1988;
McCartney et al., 2005; Panavas et al., 2005; Pathak et al., 2008).
MVBs have been suggested to contain membranous material
derived from the endoplasmic reticulum (ER) since ER strands
were often seen adjacent to or protruding from MVBs (Martelli
et al., 1988). In TBSV infection, p33 trafﬁcs from the peroxisome to
the ER (McCartney et al., 2005). It has been shown that the ER is
the site of replication for TBSV and CymRSV in yeast lacking
peroxisomes, demonstrating ﬂexibility in the sites of replication
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of these viruses. In addition, TBSV can replicate efﬁciently on ER
membranes in vitro (Jonczyk et al., 2007; Navarro et al., 2004;
Xu et al., 2012). Speciﬁc sequence elements in p33 have been
shown to be involved in peroxisomal or mitochondrial membrane
targeting (Burgyan et al., 1996; Hwang et al., 2008; McCartney
et al., 2005; Navarro et al., 2004; Panavas et al., 2005; Rubino and
Russo, 1998)
CNV p33 has been shown to target peroxisomes in Saccharomyces
cerevisiae however its targeting site in plants has not been determined.
An N-proximal transmembrane domain in CNV p33 is required for
peroxisomal targeting in yeast as is a p33:p33/p92 interaction domain
(Panavas et al., 2005). Mutations in the interacting domain result in ER
rather than peroxisomal targeting of CNV p33.
In thismanuscriptwe show that CNV p33 targets peroxisomes in
N.benthamianaaswellasN.clevelandii.Theperoxisomesdevelopinto
typicalMVBsandcontainnumerousspheruleswithnecksopentothe
cytoplasm. Some peroxisomes are donut-shaped containing cyto-
plasm in the center. In addition, we show that the endoplasmic
reticulum of CNV infected plants becomes highly remodeled during
infection rendering de novo production of peroxisomes. Since per-
oxisomesplayan important role inH2O2breakdownwe investigated
whether CNV infected plants show defects in peroxide metabolism.
Using DAB staining, we show that H2O2 accumulates in both CNV
infected and p33 agroinﬁltrated leaves. Since high levels of H2O2 are
known to induce necrosis in plants, we speculate that infection
induced alteration of peroxisomes results in inefﬁcient H2O2 break-
down and subsequent necrosis.
Results and discussion
p33 targets peroxisomes in agroinﬁltrated plants
To determine the subcellular targeting site of p33, the p33 ORF
was fused to the N-terminus of GFP in pBin(þ) to produce the
construct p33/GFP/pBin (Fig. 1) and this construct was used to
agroinﬁltrate leaves of N. benthamiana. Confocal microscopy
showed that at early times post-agroinﬁltration (24 h) cells
of leaves contained small, highly mobile ﬂuorescent spherical
bodies approximately 0.9–1.6 um in diameter (average¼1.22 um)
(Fig. 2A) reminiscent of peroxisomes. GFP ﬂuorescence was found
to be predominantly associated with the boundary membrane
giving a “haloed” appearance to the peroxisome. In addition, a
single punctate foci of brighter ﬂuorescence was often found
associated with the boundary membrane (Fig. 2A). At later times
post-agroinﬁltration (2 days) large aggregates of spheres predo-
minated (Fig. 2B). The peroxisomal nature of the spherical bodies
seemed likely since as described above it has previously been
shown that CNV p33 associates with peroxisomes in yeast
(Panavas et al., 2005) and the p33 proteins of two other tombus-
viruses are also known to associate with peroxisomes in N.
benthamiana (McCartney et al., 2005; Navarro et al., 2004). To
conﬁrm that the spherical structures associated with CNV p33
correspond to peroxisomes the construct pYFPSKL/pBin (Fig. 1) was
used in co-agroinﬁltration experiments. This construct contains
the YFP gene with a C-terminal peroxisomal targeting tripeptide
SKL (Gould et al., 1989; Serviene et al., 2005) which results in
peroxisomal targeting of YFP. Fig. 2C shows that YFPSKL targets
small spherical bodies approximately 1.0–1.8 um in diameter
(average¼1.34 um). These bodies were highly mobile as expected
(not shown). Note, however, that in this case, the peroxisomal
spheres are “ﬁlled” since the SKL motif targets YFP to the
peroxisomal matrix (Gould et al., 1989; Serviene et al., 2005). It
is noted that peroxisomes in pYFPSKL/pBin inﬁltrated plants did
not show a high level of aggregation as was observed in p33/GFP/
pBin inﬁltrated leaves indicating that p33/GFP/pBin induces per-
oxisomal aggregation. This might result from high levels of p33
expression and consequent p33/p33 interaction between peroxi-
somes since as stated earlier p33 inherently forms dimers. To
assess colocalization of p33 and the peroxisomal marker pYFPSKL/
pBin, p33/GFP/pBin and pYFPSKL/pBin were coinﬁltrated and leaves
were examined by confocal microscopy. It can be seen in Fig. 2E
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Fig. 1. Diagrammatic representation of constructs used in this study. (A) Boxes in the CNV genome correspond to the ﬁve open reading frames which encode the p33
auxiliary replicase protein, the p92 RNA dependent RNA polymerase, the p41 coat protein (CP), the p20 silencing suppressor and the p21 cell-to-cell movement protein. p33
is expressed directly from genomic RNA and p92 is expressed by translational read-through of the p33 amber (UAG) stop codon. (B) Schematic representation of the pBin(þ)
fusion protein expression constructs used in this study. Clones were constructed as described in Materials and methods section. The desired ORFs were placed downstream
of the dual 35S promoter of Cauliﬂower mosaic virus and the Alfalfa mosaic virus (AMV) translational enhancer. Nos-T corresponds to the nopaline synthase transcription
termination site. Restriction enzyme sites used for cloning purposes are shown. pGFP/pBin was previously described (Hui et al., 2010).
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that the p33/GFP labeled haloed spheres (panel i) overlap with the
YFP ﬁlled spheres (colored red in panel ii) in the merged image
(panel iii, iv). Although there is overlap in the emission spectra of
GFP and YFP the distinctive localization of the GFP and YFP signals
to the boundary membrane and matrix, respectfully, allows
determination of colocalization. In addition, overlap in the emis-
sion spectra was minimized by narrowing the detection windows
for GFP and YFP to areas of minimal overlap. The images were also
scanned sequentially and then processed using Dyeﬁnder software
(Leica Microsystems) which removes data where the two spectra
overlap. We conclude from these experiments that CNV p33/GFP
targets peroxisomes in agroinﬁltrated plants.
As noted above, at 36–48 h post-agroinﬁltration cells of p33/
GFP/pBin inﬁltrated leaves contained predominantly highly aggre-
gated peroxisomes with most peroxisomes in a cell being present
in a single large aggregate (Fig. 2B). This contrasts with what was
observed in pYFPSKL/pBin inﬁltrated cells where peroxisomes were
usually well-dispersed at 36–48 hpai (Fig. 2C). To assess if peroxi-
somes in CNV infected cells were aggregated, N. benthamiana
plants were inﬁltrated with pYFPSKL/pBin followed by immediate
inoculation with CNV. At 48 h post-treatment peroxisomes were
generally found in aggregates of 3–7 on average (Fig. 2D) and later
in infection a high level of aggregation occurred (see below).
An unexpected observation in pYFPSKL/pBin inﬁltrated CNV
infected cells was that many peroxisomes appeared to be labeled
on the boundary membrane (Fig. 2D) rather than the matrix as
observed in uninfected plants (compare with Fig. 2C). As will be
described below, peroxisomes become extensively remodeled
during CNV infection, often becoming donut-shaped. Labeling of
the matrix of such peroxisomes would give the haloed appearance
seen in Fig. 2D. It is noted that YFPSKL labeled peroxisomes in CNV
infected plants are larger on average (1.9 um) than peroxisomes in
uninfected plants inﬁltrated with p33/GFP/pBin (1.22 um) or
pYFPSKL (1.34 um). This is likely a result of the morphological
changes that peroxisomes undergo during infection such as
membrane proliferation (see below).
Cells of CNV infected leaves contain MVBs derived from peroxisomes
Transmission electron microscopy of CNV infected N. clevelandii
and N. benthamiana plants was conducted to determine if CNV
infections induce MVBs as in other tombusvirus infections (see
Introduction section). Highly vesiculated bodies ranging in size from
approximately 2–7 um are abundant in the cytoplasm of both hosts
(Fig. 3). In N. clevelandii the bodies often contained catalase crystals
(Fig. 3A) as previously noted in other tombusvirus-infected plant cells
(Martelli et al., 1988; Martelli and Russo, 1976; McCartney et al., 2005),
however, catalase crystals were not found in peroxisomes of CNV
infected N. benthamiana. The basis for this is unknown but it may
relate to the level of infection in examined leaf sections. The presence
of catalase in the MVBs of N. clevelandii provides evidence for the
peroxisomal origin of CNV MVBs in plant cells similar to that observed
in yeast cells transfected with CNV (Panavas et al., 2005) and plant
cells infected with TBSV (McCartney et al., 2005). Upon close exam-
ination of the MVBs, it can be seen that the boundary membrane is
highly vesiculated with multiple invaginations of the boundary
membrane (see inset in Fig. 3A). These invaginations are similar to
the 80–150 nm globose and ovoid structures previously described by
others (Martelli et al., 1988; McCartney et al., 2005). These structures
resemble spherules that are found in the membranes of organelles
used for replication of several plant and animal viruses (Ahlquist,
2006; Laliberte and Sanfacon, 2010). These structural features, in
conjunction with studies conducted by Panavas et al. (2005) on CNV
replication in yeast, demonstrate that peroxisomes are likely a
subcellular site for replication of CNV and that spherules formed in
the boundary membrane are likely the compartments in which viral
RNA is sequestered for replication.
Fig. 3 shows that MVBs induced by CNV are often donut-shaped
such that the central region contains cytoplasm. It has been
suggested that these arise via invagination of the modiﬁed
peroxisome (Martelli et al., 1988; Martelli and Russo, 1976).
However, the basis for the formation of these distinctive MVBs
remains to be determined.
Fig. 2. Confocal microscopy analysis of p33/GFP and pYFPSKL inﬁltrated N. benthamiana. Plants were inﬁltrated with p33/GFP/pBin or with pYFPSKL/pBin and then examined
by confocal microscopy after 1 or 2 days as indicated. (D) Plants were inﬁltrated with pYFPSKL and then inoculated with an infectous CNV cDNA clone pK2/M5 and 3 days later
plants were analyzed by confocal microscopy. The arrows in A point to punctate structures often observed on peroxisomes in p33/GFP infected plants. In (A–D), the GFP and
YFP channels were allocated false green and yellow colors, respectively. (E) Plants were co-agroinﬁltrated with p33/GFP/pBin and pYFPSKL/pBin and analyzed by confocal
microscopy at 2 days post-inﬁltration. The arrow in panel i points to the GFP-labeled boundary membrane and in panel ii to the YFP labeled matrix of the peroxisome. The
outlined area in the merged image in panel iii is magniﬁed in panel iv to highlight colocalization of the GFP and YFP signals (arrows) In (E), bandwidth mirror settings were
adjusted to minimize bleedthrough between channels (see Materials and methods section). Bleedthrough was additionally reduced by using sequential line scanning and
DyeFinder software (Leica Microsystems). The GFP and YFP channels were allocated false green and red colors, respectfully and were digitally merged (panel D).
Magniﬁcation bars are shown.
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The ER of CNV infected plants is extensively remodeled during
infection and gives rise to spherical structures resembling
peroxisomes and containing peroxisome targeted YFPSKL
As described above, TBSV and CymRSV target ER in yeast cells
lacking peroxisomes and peroxisome targeted TBSV p33 is sorted to
the peroxisomal subdomain of the ER in infected plant cells. Further-
more, mutations in CNV p33 can result in ER targeting in yeast
(Panavas et al., 2005). Our above described studies using p33/GFP/pBin
failed to show any association between p33 and the ER. For many
viruses the ER becomes highly remodeled to support virus replication
(Ahlquist, 2006; den Boon et al., 2010; Laliberte and Sanfacon, 2010).
To further assess the possible involvement of ER in CNV replicationwe
infected 16c transgenic plants in which the ER is labeled with GFP, and
monitored leaf cells for changes in overall ER structure. Fig. 4A (panels
ii, iii) shows that early in infection individual tubules of the ER become
thickened and circular structures approximately 2 um in diameter
(1.25–3.29 um range; average¼2.0 um) are formed. These were found
to be either tethered to the ER or could also be detached and highly
mobile (not shown). The circular structures were initially found to
exist in small groups of 2–5 (Fig. 4A, panel iii) and then later, by 4 dpi,
they were present in large aggregates in the majority of infected cells
(Fig. 4A, panel iv). The aggregates were usually perinuclear but were
also found at the cell boundary. The thickened circular structures were
only very rarely found in uninfected 16c plants and the large
aggregates were never observed. Since these structures were similar
in size to YFP labeled peroxisomes in CNV infected plants and it is
known that peroxisomes arise de novo from subdomains of the ER (Hu
et al., 2012; Mullen et al., 2001; Tam et al., 2005; Titorenko and
Mullen, 2006) we wished to determine if they corresponded to
peroxisomes. To assess this, 16c transgenic plants were agroinﬁltrated
with pYFPSKL/pBin followed by immediate inoculation with CNV. As
seen in Fig. 4B,C, at 2 dpi, a proportion of the GFP-labeled spherical
structures derived from the ER during CNV infection colocalize with
YFPSKL labeled peroxisomes. Thus, the peroxisome like structures that
arise from the ER during infection appear to indeed represent
peroxisomes. It is noted that YFPSKL also labeled peroxisomes that
did not coincide with the ER derived structures as would be expected
in cases of pre-existing peroxisomes. Our observations raise the
intriguing possibility that CNV infection may enhance peroxisome
biogenesis from the ER perhaps as a means for increasing sites
available for RNA replication.
CNV p33/RFP targets de novo formed peroxisome-like structures in
infected plants
To assess whether the de novo formed peroxisome-like struc-
tures represent sites of CNV replication, 16c plants were agroinﬁl-
trated with p33/RFP/pBin and then immediately inoculated with
CNV. Fig. 5A shows that p33/RFP labels peroxisomes in non-
transgenic uninfected plants as expected and that as was observed
with CNV p33/GFP/pBin agroinﬁltrations, labeling occurred on the
periphery of the peroxisome, and, as well, peroxisomes were often
found in aggregates. Fig. 5 B shows that p33/RFP colocalizes with
the peroxisome-like structures induced de novo in 16c transgenic
plants infected with CNV. Thus, it is possible that these structures
may serve as a site for replication of CNV.
Experiments were conducted to determine if p33 alone could
result in de novo induction of peroxisome-like structures. Exam-
ination of p33 agroinﬁltrated 16c plants showed an occasional
spherical peroxisome-like structure and some disruption of ER
membrane organization but these were found infrequently and
the large aggregates were never found despite extensive search-
ing. Therefore, either another CNV encoded protein(s) or p33
together with other CNV encoded protein(s) is required for
efﬁcient de novo induction of peroxisome-like structures.
It is interesting that two possibly distinctive types of peroxi-
somes appear to exist in tombusvirus infected cells. These peroxi-
somes may be suited to distinct functions. For example, one type
of peroxisome may be involved in the synthesis of RNA for
subsequent translation and the other type for subsequent encap-
sidation. Further research is required to examine these hypotheses.
In addition, it is possible that the donut-shaped peroxisomes
correspond to peroxisomes that are generated de novo from the
ER post-infection. However, again, this hypothesis requires further
exploration.
TBSV infection induces peroxisome-like structures
As described in the introduction, TBSV replicates in association
with peroxisomes in yeast and in plants and can also replicate in
association with the ER in the absence of peroxisomes. To expand
our observation that CNV induces peroxisome-like structures
during infection, we inoculated N. benthamiana 16c plants with
TBSV and then examined plants by confocal microscopy for
Fig. 3. Transmission electron micrographs of MVBs induced by pK2/M5 in N. clevelandii (A) and N. benthamiana (B,C). (A) A cluster of MVBs. Note the large catalase (cat)
crystals within two of the MVBs. The inset in A shows spherules in more detail and the arrows point to possible necks facing towards the cytoplasm. The dotted arrow in A
points to cytoplasmic material present in the interior of a donut-shaped peroxisome. (B) A peroxisome from a pK2/M5 infected N. benthamiana plant where the spherules
form a single row in association with the boundary membrane and the center corresponds to the peroxisome matrix. (C) As in B except the MVB is donut-shaped with the
cytoplasm (cyto) in the peroxisome “interior” and spherules present along the inner and outer facing membranes (see arrows). The matrix would be between the two rows
of spherules bounding the inner and outer edge of the “donut”-shaped structure.
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evidence of de novo peroxisome formation. As can be seen in Fig. 6,
peroxisome-like structures similar to those induced by CNV are
observed in TBSV infected plants. At 4 dpi these structures are
mostly seen in close association with the ER (Fig. 6 A, panel ii) but
by 5 dpi numerous large aggregates are observed apparently free
from the ER (Fig. 6B, panels i and ii). These observations suggest
that TBSV also induces peroxisome-like structures and that this
may be true for other tombusviruses that replicate in association
with peroxisomes. Further research is required to demonstrate
that TBSV replicates in association with the de novo generated
peroxisome-like structures.
p33 induces necrosis and leaves contain increased levels of peroxide
During the course of the above described experiments we noted
that CNV p33 agroinﬁltrated plants displayed necrotic symptoms,
similar to those observed in CNV-infected plants. We wished to
address whether necrosis could result from disabled peroxisomes
(MVBs). Catalase is a major constituent of peroxisomes in photosyn-
thetic tissue where it breaks down H2O2 that accumulates during
photorespiration (Mhamdi et al., 2012; Mhamdi et al., 2010). Mutant
Arabidopsis or tobacco plants deﬁcient in peroxisomal catalase and
grown under high light or long day conditions have been found to
accumulate H2O2 which induces a hypersensitive response (HR) or
renders plants hyper-responsive to pathogen infection (Chamnongpol
et al., 1998; Chaouch et al., 2010; Mhamdi et al., 2010, 2012; Mittler
et al., 1999). The accumulation of H2O2 is believed to be the trigger for
HR rather than necrosis being a direct result of H2O2 induced damage
of cells (Mhamdi et al., 2012; Shapiguzov et al., 2012; Torres et al.,
2006). Since peroxisomes are highly modiﬁed in CNV infected plants
and plants display necrosis (Fig. 7A) we sought to determine if
peroxide accumulates in CNV infected plants and in p33/pBin inﬁl-
trated leaves as a means to assess if necrotic symptoms result from
peroxisome dysfunction. To do this, CNV inoculated leaves and p33/
pBin inﬁltrated leaves at 5 dpi were treated with 3,3 diaminoben-
zidine-HCl (DAB) which stains leaves brown in areas of H2O2 accu-
mulation (Gould et al., 1990; Thordal-Christensen et al., 1997). Fig. 7B
shows that CNV infected leaves and p33 inﬁltrated leaves stain brown
whereas uninfected leaves or mock inﬁltrated leaves do not. Thus
leaves of both CNV-infected plants and p33 inﬁltrated plants accumu-
late peroxide in regions of inﬁltration and infection. These results are
consistent with the possibility that p33 induces necrosis via perturbing
GFP YFP Merge
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Fig. 4. Confocal microscopy analysis of pK2/M5 infected N. benthamiana 16c transgenic plants. (A) Development of circular, thickened areas of ER tubules following pK2/M5
infection (i) Mock inoculated 16c plant showing the typical ER network within a cell. pK2/M5 infected 16c plants at 2 dpi (panels ii and iii) and 3 dpi (panel iv). The open
arrows point to circular, thickened areas of ER which develop during pK2/M5 infection with panel iv showing an aggregate of such structures surrounding the nucleus
(indicated by the arrowhead). The closed arrows point to normal ER tubules. Magniﬁcation bars are shown. (B,C) Confocal microscopy analysis at 2 dpi of 16c plants
inﬁltrated with pYFPSKL and infected with pK2/M5 showing colocalization of peroxisomes with the circular, thickened areas of the ER that develop during infection. YFP is
false colored red. See Fig. 5 for details of microscopy.
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the H2O2 scavenging function of peroxisomes. However, they do not
rule out the possibility that CNV or p33 also induce cytoplasmic
apoplastic H2O2 accumulation as is often the case in pathogen
infection (Torres et al., 2006). Further work is required to link
peroxisomal H2O2 to symptom induction in CNV infected plants.
In summary, our results show that CNV p33 targets peroxisomes
during infection resulting in physiological and elaborate morphological
changes in peroxisomes that may lead to the induction of necrosis
due to faulty peroxide metabolism. In addition, we show that CNV
infection is accompanied by the de novo production of peroxisome-like
structures that may serve as new sites for CNV replication. While de
novo production of peroxisomes from the endoplasmic reticulum is a
known pathway for new peroxisome formation, less is known regard-
ing factors that induce this process and therefore CNVor TBSVmay be a
useful tool for studying this phenomenon. Finally, the de novo produc-
tion of new peroxisomes may be a response to elevated levels of
peroxide seen in CNV infection, i.e., high levels of peroxide could be a
factor that induces de novo peroxisome formation as a means for
compensating for lowered peroxide metabolizing activity. However,
p33 is not sufﬁcient for this response so another viral factor must be
involved in enabling the induction of new peroxisomes from the ER.
Materials and methods
Construction of CNV p33/pBin, p33/GFP/pBin, p33/RFP/pBin and
pYFPSKL/pBin
PCRwas used to amplify the ORFs of GFP (see Xiang et al. (2006))
and p33 from the full-length CNV infectious cDNA clone pK2/M5
(Rochon and Johnston, 1991). Primers used for ampliﬁcation are
shown in Table 1. Each primer carried a restriction enzyme
recognition site used for subsequent cloning steps. PCR products
were digested with the corresponding restriction enzyme, electro-
phoresed through an agarose gel and gel puriﬁed. The puriﬁed
fragments were then ligated into the corresponding sites of the
intermediate vector, pBBI525 (Pang et al., 1992). In the case of p33/
GFP/pBin both the p33 and GFP fragments were ligated into
pBBI525 simultaneously. Constructs were then digested with SalI
and EcoRI and cloned into similarly digested Agrobacterium tume-
faciens binary vector pBin(þ) (Van Engelen et al., 1995). EYFP-
peroxi (Clontech; catalog number 6933-1) which contains the EYFP
gene fused to the coding sequence for the tripeptide SKL which
serves as a peroxisomal targeting signal (Serviene et al., 2005) was
used as a template for the production of pYFPSKL/pBin. EYFP-peroxi
was digested with NcoI (which overlaps the start codon for EYFP)
and XbaI (which lies just downstream from the EYFP stop codon)
and the gel puriﬁed fragment was cloned into similarly digested
pBBI525. This resulting construct was then digested with HindIII
and EcoRI and cloned into pBin(þ). The following procedure was
used to construct p33/RFP/pBin. The coding region of RFP (Clontech,
catalog number 632479) was ampliﬁed by PCR using the forward
and reverse primers shown in Table 1 and cloned into an inter-
mediate vector. This construct was digested with SacII and BamHI
and ligated into a pBBI525 construct containing p33. The construct
was digested with SalI and EcoRI and ligated into similarly digested
pBin(þ) to yield p33/RFP/pBin. The ﬁnal structure of the pBin(þ)
clones are summarized in Fig. 1. pGFP/pBin was previously
described (Kopek et al., 2007).
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Fig. 5. Confocal microscopy showing co-localization of CNV p33/RFP with CNV-induced peroxisomal-like structures in N. benthamiana 16c plants. (A) p33/RFP inﬁltrated N.
benthamiana leaves showing peroxisomal localization (arrows). In panel i, peroxisomes are clearly labeled with RFP on the periphery as previously shown with p33/GFP
(Fig. 2A). A lower resolution image of an aggregate of peroxisomes is shown in panel ii. Chloroplasts are false colored turquoise. An individual peroxisome is pointed to by the
arrow. (B) Colocalization of p33/RFP with ER-derived peroxisomes in CNV-infected 16c plants inﬁltrated with p33/RFP. 16c plants were agroinﬁltrated with p33/RFP and then
immediately inoculated with CNV particles. The ﬁrst panel shows GFP ﬂuorescence, the second panel RFP ﬂuorescence and the third panel is a digitally merged image of the
ﬁrst and second panels. Arrows point to peroxisome-like structures.
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Agrobacterium-mediated transient expression
pBin(þ) constructs were used to transform A. tumefaciens
strain GV3101 (Koncz et al., 1986). The agroinﬁltration procedure
was performed as described previously (Ahlquist, 2006). Transfor-
mants were streaked on LB/agar plates containing 50 μg/ml
kanamycin and 10 μg/ml rifampicin and incubated at 28 1C over-
night. A single colony from the plate was inoculated into 3 ml YEB
medium (0.1% yeast extract, 0.5% beef extract, 0.5% peptone, 0.5%
sucrose, and 2 mM Mg2SO4) containing 50 ug/ml kanamycin and
40 ug/ml rifampin and grown at 28 1C for 48 h with vigorous
shaking. One ml of the culture was transferred to 50 ml YEB
medium containing the above antibiotics, 10 mM MES, pH 5.6 and
20 μM acetosyringone. After incubation at 28 1C for approximately
20 h with vigorous shaking, bacteria were centrifuged at 4000 g
for 6 min at 4 1C. The pellet was resuspended in 50 ml 10 mMMES,
pH 5.6 and 10 mM MgCl2, and then 200 μM acetosyringone was
added. The bacterial suspension was incubated at room tempera-
ture for 3–5 h without shaking. The cultures were used to inﬁltrate
N. benthamiana leaves. The OD600 nm of cells used for agroinﬁltra-
tion of pYFPSKL/pBin was 0.2. For the remaining constructs the
OD600 nm was 1.0 (Gould et al., 1989; Wang et al., 2011).
Inoculation of plants with virus
Macerated leaf tissue in 25 mM potassium phosphate buffer,
pH 7.2 infected with the “Prunus strain” of TBSV was used for
inoculation of N. benthamiana 16c plants. This strain was obtained
from the Agriculture and Agri-Food Canada plant virus collection.
In vitro transcription and inoculation
In vitro transcription of CNV infectious clone pK2/M5 and
subsequent inoculation of plants was conducted as previously
described (Rochon and Johnston, 1991). Leaves of 4–6 week old
N. benthamiana 16c plants, kindly provided by D. Baulcombe, were
inoculated with 01–10 μg of CNV per leaf in a 20 μl volume of
10 mM potassium phosphate buffer pH 7.0.
DAB staining
For histochemical determination of hydrogen peroxide, indivi-
dual leaves from agroinﬁltrated N. benthamiana plants were
immersed in freshly prepared 1,30-diaminobenzidine (DAB) stain
(1 mg/ml DAB in 40 mM HCl, pH 3.0) for 30 min at room
temperature (Thordal-Christensen et al., 1997). Tissue was cleared
in boiling 95% ethanol for 10 min. A brown precipitate is formed in
the leaves in the presence of hydrogen peroxide.
Confocal microscopy
Confocal microscopy was carried out using a Leica TCS SP2-AOBS
microscope. The excitation wavelengths used for GFP, YFP and RFP
were 488 nm, 514 nm and 543 nm, respectively. The bandwidth
8 um
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Fig. 6. Confocal microscopy of TBSV infected N. benthamiana 16c transgenic plants. (A) TBSV infected 16c plants at 4 dpi (panels i, ii). The closed arrows in panel i point to
normal ER tubules. The open arrows in panel ii point to circular, thickened areas of the ER that develop during TBSV infection. (B) TBSV infected 16c plants at 5 dpi.
Development of aggregates of peroxisome-like structures (indicated by the arrows) in most cells of an infected leaf area (panel i) and surrounding the nucleus (indicated by
the arrowhead in panel i). Panel ii is a magniﬁed view of two clusters of peroxisome-like structures.
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mirror settings for discriminating between GFP and YFP were 493–
518 nm (GFP) and 585–612 nm (EYFP). Bleedthrough between channels
was reduced by using sequential line scanning and by using DyeFinder
software (Leica Microsystems) to further remove bleedthrough. The two
channels were allocated false green (GFP) and red (YFP) colors. When
RFP was used in conjunction with GFP, the GFP bandwidth mirror
settings were narrowed so that bleedthrough into the RFP channel was
not evident and vice versa. The degree of narrowing depended on the
relative strengths of the GFP and RFP signals for a given image.
Transmission electron microscopy
Tissue samples from symptomatic areas of CNV infected N.
clevelandii or N. benthamiana were ﬁxed in 2.5% glutaraldehyde in
ﬁxation buffer (0.1 M sodium cacodylate, pH 7.2) for 3 h at room
temperature. Samples were ﬁrst placed in a vacuum for 1 h to
facilitate inﬁltration of the ﬁxative. Samples were washed 3 times
for 10 min each in ﬁxation buffer and then post-ﬁxed in 1%
osmium tetroxide in ﬁxation buffer. Samples were washed in
pBin p33/pBin pK2/M5Mock
Mock pK2/M5
Fig. 7. Infected or agroinﬁltrated leaves of pK2/M5 and p33, respectively develop necrosis and accumulate peroxide. (A) Symptoms induced by CNV in N. benthamiana.
Leaves were either mock inoculated or inoculated with transcripts of pK2/M5 and monitored for symptoms. Individual inoculated leaves were photographed at 6 dpi and
whole plants at 9 dpi. Note that leaves show extensive necrosis. (B) DAB staining of p33/pBin agroinﬁltrated or CNV infected leaves for detection of increased peroxide.
N. benthamiana leaves were agroinﬁltrated with vector only (pBin) or p33/pBin or were mock infected or infected with pK2/M5 as indicated. Agroinﬁltrated or infected leaves
at 5 dpi were stained with 1,3 diaminobenzidine (DAB) to assess hydrogen peroxide accumulation. DAB staining was followed by ethanol treatment which bleaches
unstained areas of the leaf. The upper panels show leaves prior to DAB staining and the lower panel following DAB staining. The brown precipitate observed in p33/pBin
agroinﬁltrated and pK2/M5 infected leaves is indicative of peroxide accumulation.
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deionized water 3 times for 10 min each and then dehydrated
through a graded ethanol series up to 100%. Embedding was in
Spurr0s Epon. Light gold sections (60–90 nm) were stained in lead
citrate and uranyl acetate and viewed with a JEOL 100CX transmis-
sion electron microscope (TEM) operated at 60 kV.
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